We show that a model with a scalar leptoquark of hypercharge Y = 1/6 which includes the light right-handed neutrinos, can successfully describe both of the B-physics anomalies, R
I. INTRODUCTION
Even though the LHC results so far did not unveil the new physics (NP) particles, the B-physics experiments at LHCb and at the B-factories pointed at a very intriguing effects of lepton flavor universality violation (LFUV). More specifically, the LHCb Collaboration measured the partial branching fractions of B → K + − which, integrated over q 2 ∈ [1, 6] GeV 2 , resulted in Ref. 
2.6σ below the Standard Model (SM) prediction, R SM K = 1.00(1) [2] . Another intriguing indication of LFUV was unveiled in the processes mediated by the charged currents and measured at the B-factories where it was found [3] , 
1.9σ larger than the SM prediction, R SM D = 0.286±0.012, obtained by solely relying on the lattice QCD data for both the vector and the scalar form factors, recently presented in [4] . That result is corroborated by the experimentally established R D * = 0.317 ± 0.017, also confirmed by LHCb [5] , which appears to be 3.3σ larger than predicted, R SM D * = 0.252 ± 0.003 [6] . Note, however, that for the theoretical estimate of R SM D * the form factors were extracted from the angular distribution of dΓ(B → D * µν µ )/dq 2 , up to a normalization, and the validity of leading order heavy quark effective theory has been assumed in evaluating the pseudoscalar form factor. The lattice QCD result for the full set of B → D * form factors is not available.
Several models have been proposed in order to simultaneously describe LFUV in R K and R D ( * ) . By using a set of gauge invariant NP operators made of left-handed fermions the authors usually assume that only the coupling to one generation in the interaction basis is non-zero so that the LFUV comes from the misalignment between the interaction and mass bases. In Ref. [7] it was assumed that a satisfactory description can be made by setting only the coupling to the third generation to be non-zero.
A similar route has been followed by Ref. [8] where the couplings to other generations are kept non-zero but suppressed by factors ∝ m 2 e,µ /m 2 τ . Further contribution in this direction has been made in Ref. [9] , as well as in Ref. [10] , where it has been argued that the effects of the renormalization group running from the NP scale to the electroweak symmetry breaking scale can generate the effects of LFUV particularly significant in the decays of τ -lepton. Another model building option consists in adding a SU (2) L triplet of massive gauge bosons that couple to one generation of fermions [11] , an option which leads to tensions with direct searches at the LHC. Assuming that the LFUV comes from the difference of the lepton numbers, then L µ − L τ can be promoted into a gauge symmetry which, when enriched by one generation of vector-like leptons, results in a substantial modifications of the τ → 3µ and h → µµ decay rates [12] . Finally, to accommodate both R K and R D ( * ) the scenarios with a hypothetical light leptoquark (LQ) states have been proposed. While the scenarios with vector LQ's are the easiest ones [13] they become problematic when computing the loop corrections unless the vector LQ's are promoted into the "light" gauge bosons O(1 TeV), in which case one runs into contradiction as such gauge bosons are supposed to be associated with a gauge group relevant to the scales of grand unification. Otherwise the loop corrections in a theory with a light vector LQ are UV-cutoff dependent unless the UV completion is explicitly specified. Concerning the light scalar LQ scenarios, instead, they do not exhibit such a problem but in their minimal form they are suitable to either describe R K [14] or R D ( * ) [15] , but not both. In this paper we argue that a minimal extension of the scalar LQ with the hypercharge Y = 1/6 can lead to a simultaneous description of both R K and R D . Finally, we should also mention that in Ref. [16] it has been argued that a model with the simplest SU (2) L -singlet scalar LQ one can accommodate R K through a loop correction and R D ( * ) via the tree-level LQ contribution. That scenario has been challenged in Ref. [17] where it was shown that a simultaneous description of R K and R D ( * ) is not realistic and that accommodating the experimental value of R K would imply serious phenomenological problems elsewhere.
In the following we first describe our model in Sec. II.
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The expressions for quantities used as constraints are given in Sec. III where we perform the scan of parameters and show that the model accommodates both B-physics anomalies. Several significant predictions are presented in Sec. IV and we conclude in Sec. V.
II. LEPTOQUARK MODEL
The Yukawa Lagrangian for a theory with the LQ state ∆ which carries the quantum numbers (3, 2) 1/6 of the SM gauge group, (SU (3) c , SU (2) L ) Y , in the interaction basis reads,
where the standard notation has been used, with L and Q being the left-handed doublet of leptons and quarks respectively, combined with the right-handed (RH) singlet fermions and with the SU (2) L -doublet of LQ fields ∆, where ∆ = iσ 2 ∆ * . The primed fermion fields (ψ ) are related to the unprimed ones through rotations, (
L matrices, and the above Lagrangian in the fermion mass eigenbasis becomes,
where the superscript in ∆ (Q) denotes the electric charge eigenstates of the LQ doublet, Q = Y + T 3 , which we assume to be degenerate in mass (T 3 being the weak isospin). The couplings Y L,R are the 3 × 3 matrices. The crucial difference between Eq. (4) and the model discussed in Ref. [14] is the presence of the second line in Eq. (4). In other words, besides the doublet of light scalar LQ states with hypercharge Y = 1/6, in this model we also have the light RH neutrinos the mass of which is assumed to be very small with respect to the hadronic mass scale, and in the following we will neglect it. We consider neutrinos to be Dirac particles, even though this issue is immaterial in the limit of m ν → 0. Since the neutrinos are considered as massless it is legitimate to take U PMNS to be the unit matrix.
The above Yukawa Lagrangian is the essential ingredient of the full model which also comprises the kinetic and mass terms of the LQ field. Our working assumption is that m ∆ 1 TeV, and since we are working with the low energy processes it is more convenient to work in a low energy effective effective theory, obtained by integrating out the heavy propagating ∆. We first focus onto the terms relevant to b → s and b → c ν transitions. For the first one we obtain
where the second line is obtained by applying the Fierz identity. P L/R = (1 ∓ γ 5 )/2, as usual. For the charged current process, instead, we have,
which means that the NP contribution to the semileptonic decays (and to b → c ν in particular) arising from this model comes with the non-zero RH Yukawa couplings. Furthermore, in the low energy effective theory one also generates the process c → uνν which is not phenomenologically interesting in the massless neutrino limit. Another significant contribution generated by this model is the one related to b → sνν transition, namely,
which will be used in the phenomenological discussion below.
III. CONSTRAINTS ON YUKAWA COUPLINGS
In this work, for simplicity, we will take the couplings to the first generation to be zero in order to avoid the potential problems with the atomic parity violation experiments [18] , and we will assume the following structure of the matrices of Yukawa couplings:
The product V CKM Y R is explicitly written in order to emphasize the fact that even if the couplings that involve the first generation of quarks/leptons are zero, the NP contributions to the leptonic and semileptonic decays of kaons (s → u) or B-mesons (b → u), driven by the Lagrangian (6), are not absent. The values of the couplings Y ij L,R , which we take to be real, are varied within the perturbativity limits, |(Y L,R ) ij | ≤ 4π, and are subjects to many phenomenological constraints of which the following ones are found to be particularly efficient:
1. As in Ref. [14] we use the experimentally established B(B s → µµ) [19] and B(B → Kµµ) in the large q 2 -bin [20] , and we combine them with the lattice QCD values for f Bs and for the B → K form factors [21] , to extract (C (9), i.e. in contrast with the models in which the NP gives rise to the non-primed Wilson coefficients in which case R K * < 1, as discussed in Ref. [22] .
2.
Another important constraint on Y L,R stems from the B s − B s mixing. We compute ∆m Bs in our model, divide it by its well known SM expression and obtain,
where we use the (standard) notation for ∆m 
where x = m 
4.
Also useful are the constraints coming from the (semi-)leptonic meson decays. We find it more convenient to work with the following effective Lagrangian,
where u/d stands for a generic up-/down-type quark, while g S,T ≡ g d→u ν S,T are the NP couplings introduced in such a way that in the limit in which they vanish one retrieves the usual SM Fermi theory. Using this Lagrangian one can easily compute the decay rates for various leptonic processes. For example,
where we used 0|cγ µ γ 5 s|D s (p) = if Ds p µ . From the matching of decay rates obtained with (10) and with (6) we get
at the scale of the mass of the LQ, µ = m ∆ 1 TeV, which is then via the QCD running related to the low scale value as g S (1 TeV) ≈ 2×g S (µ = m b ) ≈ 2.7×g S (µ = 2 GeV). Notice that in this model, in order to have a nonvanishing NP contribution to the processes driven by the charged currents in the SM, the relevant RH coupling(s) should be non-zero. Since there is no interference term between the SM and the NP terms, we can consider the effective coupling to be
and mutatis mutandis for the other leptonic decays. In other words, in this theory the flavor state of neutrino is not specified but can be both ν µ and ν τ , i.e.
. By adequately using the above expression and combining it with the experimentally established
, together with the relevant decay constants given in Ref. [21] , we obtain the valuable constraints on various Yukawa couplings.
5.
Since the non-zero NP coupling to muons is essential to describe R exp K < 1, while keeping such a coupling to electrons set to zero, it is now important to make sure that
remains small. The relevant expression for the differential decay rate, obtained by using the Lagrangian (10), reads
where
, and the coefficient functions are given by
. The form factors f 0,+,T (q 2 ) in (15) are defined as usual,
and
Using the form factors from Ref. [4] and requiring R µ/e D < 1.05, we will obtain quite a powerful constraint on our couplings,
where the tensor coupling scales as
, and the tensor form factor is taken from [26] .
6. Finally, the experimental upper limit on B(B → Kνν) [24] turns out to be an important constraint too. The relevant expression for this process computed in the SM, extended by the effective Lagrangian (7), is
where Fig. 1 where we see that with all of the constraints discussed above, our model not only gives R K = 0.88 (8) compatible with the experimental finding, but we are also able to find the points which are compatible with R exp D to 1σ. In other words, the model we propose here can satisfactorily accommodate both B-physics anomalies, R K and R D . We should reiterate that we focused on R D because all of the form factors have been computed on the lattice, and we do not need to rely on the experimental information about the normalization and shapes of the form factors, which is not the case with R D * . Using the experimental information about the form factors would be inappropriate in our case since we claim that both the couplings to τ and to µ are modified. We should say that by using the model form factors, such as those from Ref. [28] , we indeed obtain that R D * > R SM D * and in a good ballpark with respect to the experimental results, but we prefer not to quote those results until the lattice QCD determination of the full set of form factors becomes available.
The structure of Yukawa couplings from the constraints listed above is such that Y We checked that Γ(K → µν)/Γ(K → eν) remains intact, i.e. at its SM value. We also checked that our model is consistent with the direct LQ searches [29] , and that varying m ∆ ∈ (0.7, 1) TeV, leaves our conclusions unchanged. Notice also that in the scalar LQ model with Y = 1/6 the enhancement of B(τ → µγ) and (g − 2) µ are highly suppressed and experimentally indistinguishable from their SM predictions [17, 18] .
IV. PREDICTIONS
With the Yukawa couplings constrained in a way discussed in the previous Section, we could show that we are able to accommodate both R exp K and R exp D , and in this Section we discuss several predictions that we obtain. Besides an important and verifiable prediction, R K * = 1.11 (9) , which is a peculiarity of our model [14] , we also find the following:
• The value of B(B s → τ τ ) can be both larger and smaller than the SM one because the Wilson coefficient,
, can be negative and positive respectively. We get
• Using the expressions presented in Ref. [30] , we also computed the lepton flavor violating decay B(B → Kµτ ) and found that
which is shown in Fig. 2 . Notice that the similar LFV modes are easily inferred from the bounds given above, by using B(B s → τ µ) ≈ 0.9 × B(B → Kµτ ), and B(B → K * µτ ) ≈ 1.8 × B(B → Kµτ ), cf. Ref. [30] . This result is similar to what has been obtained in Ref. [9] , except that they have R K * < 1.
• Just like R D > R SM D , we find that the ratio R ηc = B(B c → η c τ ν)/(B c → η c lν) can be larger than its SM value. Using the recent B c → η c decay form factor values computed on the lattice [31] and the results for g b→c iνj S discussed above, we obtain
which is also plotted in Fig. 2 .
• A very interesting feature of this model is not only that the different leptonic decays of B c are modified differently, but the fact that B(B c → τ ν) we obtain is strictly larger than the SM value. We get
which offers another possibility to experimentally test the validity of our model. On the other hand, the value of B(B c → µν) that we obtain can be either equal to its SM value or enhanced by up to a few orders of magnitude.
• We computed B(t → bτ ν), both in the SM and in our model and found,
. By using the constraints from Sec. III and for m ∆ ∈ (0.7, 1) TeV, we find that
i.e. indistinguishable from the SM value even if the experimental uncertainty is improved by several orders of magnitude. Notice that the current experimental error is 30% [24] .
V. CONCLUSIONS
In this paper we propose a model which can accommodate both B-physics anomalies that hint on the LFUV, namely R exp
The model is a scenario with the doublet of mass degenerate light scalar leptoquarks, with hypercharge Y = 1/6 and the mass around 1 TeV, which was already known to be viable in obtaining R exp K < R SM K . The novelty is that we include the light RH neutrinos, that we consider to be massless, which entail new operators and give rise to the matrix of RH Yukawa couplings. The suitable products of lefthanded and RH couplings, if non-zero, can modify the leptonic and semileptonic decay rates. We then show that by using the available experimental information as constraints we were able to accommodate R exp D . Since the model modifies the decays to both muons and to τ -leptons (but not to electrons), we could not provide the numerical assessment of the similar R D * except that we indeed get R exp
Another interesting feature is that this model provides at least two experimentally verifiable predictions: (i) We find that R K * = 1.11 (9) , and (ii) B(B c → τ ν) is 5 ÷ 16 times larger than the SM prediction. Other predictions are listed in the body of the paper. Our results for the exclusive LFV b → sµτ modes are similar to what is obtained in other scenarios, namely that their branching fractions can be up to O(10 −6 ). Finally, we suggest that it could be interesting to check for the LFUV effects in R ηc = B(B c → η c τ ν)/(B c → η c lν), which in our model is larger than predicted in the SM. Fig. 1 : the blue points are obtained by subjecting the Yukawa couplings of our model to the constraints discussed in Sec. III, and the red ones are selected from the blue ones after requiring the compatibility with R exp D to 2σ. We plot our predictions for three selected quantities: limits on the LFV decay mode, i.e. its B(B → Kµτ ), the ratio between Rη c = B(Bc → ηcτν)/(Bc → ηclν) predicted by our model and its SM value, and a similar ratio of B(Bc → τν) which appears to be strictly larger than its SM estimate. 
